
�-Catenin regulates excitatory postsynaptic strength
at hippocampal synapses
Takashi Okuda*, Lily M. Y. Yu*†, Lorenzo A. Cingolani*, Rolf Kemler‡, and Yukiko Goda*†§

*Medical Research Council Laboratory for Molecular Cell Biology and Cell Biology Unit, †Department of Pharmacology, University College London, Gower
Street, London WC1E 6BT, United Kingdom; and ‡Department of Molecular Embryology, Max Planck Institute of Immunobiology, Stuebeweg 51,
D-79108 Freiburg, Germany

Edited by Charles F. Stevens, The Salk Institute for Biological Studies, La Jolla, CA, and approved July 2, 2007 (received for review March 13, 2007)

The precise contribution of the cadherin–�-catenin synapse adhe-
sion complex in the functional and structural changes associated
with the pre- and postsynaptic terminals remains unclear. Here we
report a requirement for endogenous �-catenin in regulating
synaptic strength and dendritic spine morphology in cultured
hippocampal pyramidal neurons. Ablating �-catenin after the ini-
tiation of synaptogenesis in the postsynaptic neuron reduces the
amplitude of spontaneous excitatory synaptic responses without a
concurrent change in their frequency and synapse density. The
normal glutamatergic synaptic response is maintained by postsyn-
aptic �-catenin in a cadherin-dependent manner and requires the
C-terminal PDZ-binding motif of �-catenin but not the link to the
actin cytoskeleton. In addition, ablating �-catenin in postsynaptic
neurons accompanies a block of bidirectional quantal scaling of
glutamatergic responses induced by chronic activity manipulation.
In older cultures at a time when neurons have abundant dendritic
spines, neurons ablated for �-catenin show thin, elongated spines
and reduced proportion of mushroom spines without a change in
spine density. Collectively, these findings suggest that the cad-
herin–�-catenin complex is an integral component of synaptic
strength regulation and plays a basic role in coupling synapse
function and spine morphology.

�-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors �
spine morphology � synapse adhesion proteins � quantal scaling

Synaptic plasticity is a major means by which neuronal networks
adapt to experience. Recent studies suggest that synapses also

undergo activity-dependent structural remodeling that might sub-
serve functional synaptic changes (1, 2). Stimulus protocols that
induce durable forms of long-term potentiation produce a transient
rise in the number of perforated synapses (3, 4) and axonal
varicosities (5) and trigger the reorganization of the synaptic actin
cytoskeleton to form new functional boutons (6). Dendritic spines
also undergo stimulus-dependent active remodeling (7) by mech-
anisms that involve actin dynamics (8–10). Because the apposition
of the presynaptic active zone and the postsynaptic density is always
closely matched, remodeling of either the active zone or the
dendritic spine must, at some point, accompany a parallel change
in the opposite membrane specialization. How the two sides of the
synaptic terminals undergo coordinated changes, however, remains
to be established.

Several cell adhesion proteins have been identified at syn-
apses where they are implicated in forming and/or maintaining
synaptic junctions (11, 12). The best studied among such
proteins are the classical cadherins, homophilic Ca2�-
dependent adhesion molecules, which also play a role in axon
outgrowth (13, 14), dendrite arborization (15), and target
recognition (16). Whereas the extracellular domain of cad-
herins provides the direct intercellular link between apposing
cells, strong adhesion by cadherins requires the dynamic
intracellular connection to the actin cytoskeleton through �-
and �-catenins (17, 18). After synaptogenesis, N-cadherin is
found enriched at excitatory synapses in several brain regions
(19). Within single synapses, the cadherin–�-catenin complex

is present in areas surrounding or within the active zone and
the postsynaptic density (20). These observations suggest that
the cadherin–catenin complex could potentially regulate as-
pects of synapse function beyond contributing to synapse
assembly in developing neurons. Accordingly, impairing the
adhesive activity of cadherins by deletion of �-catenin or
N-cadherin reduces the number of reserve pool synaptic
vesicles at the presynaptic terminal, resulting in enhanced
synaptic depression during repetitive stimulation (21, 22).
Moreover, overexpressing an N-cadherin mutant lacking the
extracellular domain or �-catenin mutants with an altered
phosphorylation site alters spine morphology and synaptic
efficacy (23–26). Analysis of �N-catenin knockout mice has
also revealed a requirement for the cadherin link to the actin
cytoskeleton in regulating spine dynamics (27).

Because cadherins mediate homophilic cell adhesion, it is as-
sumed that any defects in the cadherin–catenin complex are exerted
on both sides of the intercellular junction. Synapses, however, are
asymmetric junctions. Hence, the intracellular actions of the cad-
herin–catenin complex could be regulated independently at the
pre- and postsynaptic sides of the synaptic junction. Here we
specifically examine the contribution of the endogenous, postsyn-
aptic cadherin–catenin complex in regulating synaptic strength in
cultured hippocampal pyramidal neurons. We use the Cre/loxP
recombination system to inactivate the �-catenin gene after syn-
aptogenesis. The key advantage of this approach is the impairment
of cadherin-dependent adhesion that is not limited to N-cadherin
but that targets all classic cadherins expressed at hippocampal
synapses. Additionally, this method obviates the complications
associated with overexpressing mutant forms of N-cadherin and
�-catenin that must compete with endogenous proteins. We find
that, upon postsynaptic �-catenin ablation, dendritic spines become
thin and elongated, the amplitude of spontaneous glutamatergic
synaptic currents [miniature excitatory postsynaptic currents
(mEPSCs)] mediated by AMPA receptors (AMPARs) is reduced,
and activity-dependent bidirectional scaling of the mEPSC ampli-
tude is blocked. In contrast, the mEPSC frequency and the density
of synaptic inputs and dendritic spines remain unaltered. Our
results indicate that the postsynaptic cadherin–catenin complex
plays a central role in regulating functional synaptic AMPARs.
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Results
Loss of Endogenous �-Catenin Produces Subtle Changes in Synapse
Morphology. To examine the specific role of endogenous postsyn-
aptic �-catenin in maintaining synapse integrity and function, we
prepared hippocampal cultures from mice homozygous for the
�-catenin floxed allele (28). Transfecting freshly dissociated neu-
rons with a plasmid encoding Cre-internal ribosome entry site
(IRES)-GFP produced a gradual loss of �-catenin immunofluo-
rescence signal. By 7 days in vitro (DIV) �-catenin was largely
absent in neurites and substantially reduced in the cell body of
GFP-positive neurons (Fig. 1A). A similar loss of �-catenin was
observed when neurons were transfected at DIV8 and examined at
DIV12 (data not shown). Because of low transfection efficiency,
Cre was expressed in relatively few cells, which enabled us to assess
the effects of postsynaptic �-catenin loss, since virtually all of the
synaptic inputs onto a Cre-positive neuron came from nontrans-
fected cells.

We first asked whether synaptic inputs were maintained in
dendrites after �-catenin ablation. To limit the possible effects

arising from perturbing �-catenin function in synaptogenesis, trans-
fection was carried out in DIV8–10 neurons in this and all of the
subsequent experiments. Immunofluorescence labeling for synap-
sin I showed no significant difference in synapse density between
Cre- and GFP-expressing control neurons at DIV14 (P � 0.2;
control, 5.4 � 0.3 puncta per 10 �m; Cre, 4.9 � 0.3 puncta per 10
�m; n � 12 cells each). The ability to sustain synaptic inputs is thus
not affected by the loss of postsynaptic �-catenin.

We next examined the effect of �-catenin loss on the spine
morphology by comparing the pattern of GFP or GFP-actin
fluorescence in neurons cotransfected with or without the Cre
plasmid. Actin is highly enriched in postsynaptic terminals, and the
shape of GFP-actin in the dendritic spines matches the spine
morphology delimited by the plasma membrane (29). Whereas
ablating postsynaptic �-catenin did not significantly change the
overall synapse distribution, subtle changes in spine morphology
were apparent at a later culture stage (DIV18) when dendritic
spines were prominent. Compared with control cells that had
abundant mushroom-shaped short spines, Cre-expressing neurons
had thin and elongated spines (Fig. 1C), and the relative proportion
of mushroom-shaped spines was reduced by half (Fig. 1D Left).
Spine length measurements confirmed longer spines in Cre-
expressing cells compared with controls (P � 0.05; control, 1.24 �
0.04 �m; Cre, 1.47 � 0.07 �m; n � 8 cells each). However, the spine
density was not altered by the loss of �-catenin (Fig. 1D Right),
consistent with the lack of change in synapsin I puncta density (see
above). These observations are in agreement with previous studies
in which overexpressing a dominant-negative N-cadherin or �N-
catenin deletion produced similarly thin and elongated spines (24).
Endogenous �-catenin thus participates in regulating spine mor-
phology, likely by providing a dynamic link between cadherins and
the spine actin cytoskeleton.

�-Catenin Modulates AMPA-Mediated Synaptic Currents. Because
postsynaptic �-catenin ablation did not compromise the ability of
neurons to maintain presynaptic inputs, we next examined the
effects of �-catenin loss on glutamatergic quantal responses by
performing whole-cell patch-clamp recordings from control and
Cre-expressing neurons. The mean mEPSC amplitude, which under
our experimental conditions was largely carried by AMPAR, was
reduced by �25% in Cre-transfected neurons compared with
GFP-transfected control neurons (Fig. 2). The mean mEPSC
frequency, however, was not significantly altered by the Cre ex-
pression (Fig. 2D). A lack of effect on mEPSC frequency, a
parameter that is proportional to the density of functional boutons,
is consistent with the observed lack of change in densities of spines
and synapsin I puncta along dendrites of Cre-expressing cells. When
the kinetics of mEPSCs were compared, both the rise and decay
phases were slightly prolonged in Cre-transfected neurons com-
pared with control neurons (rise time constant: control, 0.63 � 0.02
ms; Cre, 0.73 � 0.04 ms; P � 0.05; decay time constant: control,
3.2 � 0.2 ms; Cre, 3.9 � 0.2 ms; P � 0.05; n � 15 cells each; also
see Fig. 2C). The slowed time course of mEPSCs could reflect
changes in the synaptic structure or organization, including the
composition of AMPAR subunits (30, 31).

We sought to confirm that the reduced glutamatergic synaptic
strength in Cre-expressing neurons was caused by the loss of
endogenous �-catenin rather than by indirect effects of Cre ex-
pression. Coexpression of wild-type (WT) �-catenin with Cre fully
restored the mean mEPSC amplitude to levels found in control
neurons, whereas coexpression of a �-catenin mutant lacking the
central armadillo repeat region, which mediates binding to cad-
herins and TCF/LEF transcription factors (�ARM, see below), did
not rescue the reduction in mEPSC size (Fig. 2D). The full rescue
by WT �-catenin supports the role for this protein in modulating
synaptic AMPARs. Furthermore, the requirement for the central
armadillo domain suggests the importance of the linkage to cad-

Fig. 1. Synapse morphology in neurons ablated for postsynaptic �-catenin. (A)
Dissociated cells from homozygous �-catenin-floxed mice were transfected with
Cre-IRES-GFP and grown in culture. Cre-expressing neuron, identified by the GFP
fluorescence (green), shows reduced �-catenin expression compared with a
neighboring nontransfected neuron (red) at DIV7. (B) Representative synapsin I
localization on dendrites of neurons transfected with control GFP or Cre-IRES-
GFP. Postsynaptic �-catenin loss has no significant effect on synapse density (see
Results). (C) Representative GFP-actin expression in dendrite segments of DIV18
�-catenin-floxed neurons. Coexpression of Cre produces elongated spines com-
pared with a control cell. [Scale bars: 40 �m (A), 5 �m (B and C).] (D Left) Relative
proportion of mushroom-shaped (gray bars) vs. filopodial (open bars) spines in
control (n � 9) and Cre-positive (n � 13) neurons (P � 0.05). (Right) Comparison
of mean spine density along 10-�m dendritic length between control (n � 9) and
Cre (n � 13)-transfected neurons (P � 0.2).
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herins and/or the contribution of �-catenin-dependent transcrip-
tion in regulating the synaptic AMPA currents.

Overexpression of N-cadherin Mutant Reduces Quantal AMPA Re-
sponses. If the lack of rescue with the �-catenin �ARM mutant
reflects the involvement of postsynaptic cadherins in regulating
synaptic AMPARs, then overexpressing a mutant form of N-
cadherin [dominant-negative (DN)-N-cad] should mimic the effect
of �-catenin loss on mEPSC size. The DN-N-cad carries a deletion
within the extracellular domain that mediates the homophilic
interaction between cadherins on the opposite sides of the mem-

brane (Fig. 3A). Therefore, the DN-N-cad with the nonfunctional
extracellular domain is expected to inhibit the adhesive activity of
endogenous cadherins by competing for intracellular interactions
with �-catenin and/or other cadherin-binding proteins. In contrast,
overexpression of a mutant N-cadherin deleted for the C-terminal
domain, including the �-catenin-binding region (N-cad�C, Fig.
3A), should not compete with endogenous N-cadherin for �-cate-
nin. We first confirmed the dominant-negative activity of DN-N-
cad by transfecting HEK293 cells, which express endogenous N-
cadherin, and using them in a cell dissociation assay that tests for
cell adhesion. Exogenous expression of DN-N-cad but not WT
N-cadherin or N-cad�C significantly reduced Ca2�-dependent cell
aggregation compared with control GFP-transfected cells (Fig. 3B).
We then overexpressed WT N-cadherin, DN-N-cad, or N-cad�C in
cultured hippocampal neurons. Similarly to Cre transfections in
�-catenin floxed cultures, low transfection efficiency ensured that
few neurons overexpressed the cadherin construct in a given
coverslip. Whole-cell recordings from transfected neurons showed
that the mean mEPSC size was decreased by �30% in DN-N-cad-
expressing cells relative to control GFP cells (Fig. 3C). In contrast,
the mean quantal amplitude in neurons overexpressing the WT
N-cadherin or N-cad�C was not different from the control GFP
neurons. That the overexpression of DN-N-cad can mimic the effect
of �-catenin loss on synaptic AMPA currents suggests that regu-
lation of quantal size by �-catenin requires its binding to cadherins.

Domain Analysis of �-Catenin for Modulating Quantal AMPA Re-
sponses. The structure of �-catenin consists of three major domains:
(i) an N-terminal region that binds to �-catenin, which interacts
with the actin cytoskeleton; (ii) a central armadillo repeat domain
that binds to cadherins and TCF/LEF transcription factors; and (iii)
a C-terminal domain that binds to PDZ proteins. To characterize
the protein interaction domains of �-catenin in regulating synaptic
AMPARs, we made a series of �-catenin deletion and point
mutants that carry defects in each of the three domains (Fig. 4A).

Fig. 2. Effects of �-catenin loss on glutamatergic quantal responses. (A)
Representative traces of mEPSCs from �-catenin-floxed neurons expressing
GFP alone or Cre at DIV14. (Scale bars: 100 ms, 20 pA.) (B) Cumulative
distribution plots of the mean mEPSC amplitude from GFP- (solid line) or
Cre-expressing neurons (dashed line) (P � 0.05; n � 15 cells each). (C) Examples
of average mEPSC trace from GFP- (solid line) or Cre-expressing neurons
(dotted line). Traces on the right have been scaled to the peak. (Scale bars: 5
ms, 5 pA.) (D Left) Summary of mean mEPSC amplitude. Coexpression of WT
�-catenin with Cre rescued the mean mEPSC amplitude to control levels (n �
8; P � 0.4 vs. control), but not by �ARM (n � 9; P � 0.6 vs. Cre). (Right) Summary
of mean mEPSC frequency. The mean mEPSC frequency is unaltered in Cre-
expressing neurons compared with controls (P � 0.5; n � 15 cells each).

Fig. 3. DN N-cadherin mimics the effect of �-catenin loss. (A) Illustration of
mutant N-cadherin constructs used. (B) Cell dissociation assay in HEK293 cells,
comparing the efficacy of N-cadherin mutants for impairing Ca2�-dependent
cell adhesion relative to control. WT, P � 0.2; DN-N-cad, P � 0.01; N-cad�C, P �
0.7; n � 4 each. Cell aggregation index was defined as the percent ratio of
[NTE � NTC]/NTE, where NTC and NTE were the cell particle number after the TC
and TE treatments, respectively. (C) The mean mEPSC amplitudes from neu-
rons expressing GFP alone (control, n � 15) compared with WT N-cadherin
(WT, P � 0.3, n � 12), the DN N-cadherin (DN, P � 0.01, n � 14), or
N-cadherin�C (�C, P � 0.1, n � 10).
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We first tested the binding of �-catenin mutants to N-cadherin by
expressing the epitope-tagged WT or mutant �-catenin constructs
in HEK293 cells. The endogenous N-cadherin efficiently bound to
WT and mutant �-catenin with the exception of the �ARM mutant
lacking the cadherin-binding domain (Fig. 4B). We also tested the
two N-terminal domain �-catenin mutants, �N and L132A, for

their interaction with �-catenin. The �N has a deletion in the
N-terminal �-catenin-binding domain, and the L132A carries a
point mutation at the amino acid residue 132 that forms part of the
�-catenin-binding interface (32). Accordingly, when WT or mutant
�-catenin was coexpressed with �N-catenin in HEK293 cells, �N
and L132A did not bind to �N-catenin, whereas WT, �ARM, and
C-terminal mutants did (Fig. 4B). Although both the N-terminal
domain �-catenin mutants bound to endogenous N-cadherin as
expected, given the loss of �N-catenin binding, these mutants would
be deficient in linking cadherins to the actin cytoskeleton.

Subsequently, we expressed the �-catenin mutants in cultured
neurons. Double immunofluorescence labeling against epitope-
tagged �-catenin and synapsin I confirmed synaptic localization of
exogenously expressed �-catenins except for the �ARM mutant,
which showed diffuse staining (data not shown). Efficient targeting
of �-catenin to synapses, therefore, likely requires cadherin binding.
Whole-cell recordings of mEPSCs from transfected neurons
showed a reduced mean mEPSC amplitude in cells overexpressing
�-catenin �ARM, �C, or �PDZ compared with control GFP-
transfected cells (Fig. 4C). The central armadillo repeats and the
C-terminal PDZ-binding motif of �-catenin are thus required for
maintaining the basal level of synaptic AMPARs. Notably, despite
the lack of apparent synaptic enrichment, the �ARM mutant
reduced the mEPSC size such that the level of overexpression
achieved was apparently sufficient to uncouple �-catenin-binding
protein(s) from the endogenous synaptic cadherin–�-catenin com-
plex. In contrast to cells transfected with the �ARM or C-terminal
domain mutants, neurons expressing either the WT �-catenin or
�N or L132A mutants that are impaired for �N-catenin binding,
displayed mean mEPSC amplitudes that were not significantly
different from the control GFP-transfected cells (Fig. 4C). These
overexpression experiments suggest that modulation of synaptic
AMPARs by �-catenin does not require its interaction to �-catenin.
In further support, coexpression of WT �-catenin or the L132A
mutant with Cre in �-catenin floxed neurons largely restored the
mean mEPSC amplitude to levels found in control neurons,
whereas coexpression of �PDZ did not rescue the reduction in
mEPSC size (Fig. 4D). Taken together, the regulation of quantal
AMPA responses by �-catenin depends on its interaction to
cadherins and PDZ proteins, whereas the linkage to the actin
cytoskeleton through �-catenin plays a lesser role.

Loss of Postsynaptic �-Catenin Impairs Quantal Synaptic Scaling.
Given its role in regulating the basal synaptic strength, �-catenin
could participate in activity-dependent modulation of quantal
AMPA responses. Quantal synaptic scaling is a form of homeostatic
plasticity that modifies synaptic strength bidirectionally to compen-
sate for overall changes in neural network activity (33). To test
whether the loss of �-catenin might also impair the activity-
dependent scaling of mEPSC amplitude, neuronal cultures were
treated for 2 days with tetrodotoxin (TTX) or bicuculline. As
reported previously, in control neurons, TTX treatment increased
the mean mEPSC amplitude by �50% relative to non-drug-treated
cells, whereas bicuculline decreased the mean mESPC amplitude
by �40% compared with non-drug-treated neurons (Fig. 5). In
�-catenin-null neurons, however, neither a 2-day TTX nor bicu-
culline treatment produced a significant change in the mean
mEPSC amplitude compared with non-drug-treated cells (Fig. 5).
Suppressing overall network activity by blocking AMPARs for 2
days with 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX), similarly
to TTX treatment, increased the mEPSC amplitude in control
neurons but not in �-catenin-null neurons (data not shown). These
results, therefore, suggest that in addition to regulating the basal
mEPSC size, �-catenin may also be required for the bidirectional
homeostatic modification of synaptic AMPARs. Notably, in par-
allel experiments, the mean mEPSC size in Cre-transfected neurons
after no drug or TTX and bicuculline treatments was comparable
with the mEPSC size in bicuculline-treated �-catenin-positive

Fig. 4. The PDZ-binding motif of �-catenin is important for regulating
mEPSC size. (A) Schematic diagram of �-catenin deletion mutants. (B) Inter-
action of �-catenin deletion mutants with N-cadherin or �N-catenin in HEK293
cells. Western blots show coimmunoprecipitation (IP) of endogenous N-
cadherin (Middle) and exogenous �N-catenin-HA (Bottom) with exogenously
expressed Myc-tagged �-catenin mutants (Top). (C) Summary of mean mEPSC
size in WT cultures overexpressing �-catenin constructs. Compared with con-
trol GFP neurons (n � 12), expression of WT (n � 10), �N (n � 10), or L132A (n �
10) had no effect (P � 0.7), whereas expression of �ARM (n � 11), �C (n � 12),
and �PDZ (n � 10) mutants reduced mEPSC amplitude (P � 0.05). (D) Summary
of mean mEPSC amplitude in �-catenin-floxed neurons. The decreased mean
mEPSC amplitude upon loss of �-catenin (P � 0.05; control, n � 9; Cre, n � 9;
also see Fig. 2C) was rescued by coexpression of WT �-catenin (P � 0.1 vs.
control; n � 7) or L132A (P � 0.7 vs. control; n � 9), but not by �PDZ (P � 0.01
vs. control n � 10) in parallel experiments.
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control neurons. Thus, the mechanism by which mEPSC amplitude
is reduced by ablating �-catenin could share the mechanisms of
bicuculline-induced, activity-dependent down-regulation of quan-
tal amplitude.

Discussion
At mature excitatory synapses, where unlike inhibitory synapses,
N-cadherin expression persists after synaptogenesis, the cadherin–
catenin complex has been previously implicated in dendritic spine
morphogenesis (24, 25, 27). In this work, we demonstrated a role for
the cadherin–catenin complex in regulating excitatory synaptic
strength. Ablation of postsynaptic �-catenin reduced synaptic
AMPA responses, and the functional change was distinct from the
expected role for the cadherin–catenin complex in regulating the
dendritic spine shape. The reduction in quantal responses was

observed well before the time when morphologically mature spines
were abundant. Moreover, surprisingly, the modulation of synaptic
AMPA currents did not require the link from the cadherin–catenin
complex to the actin cytoskeleton, which is closely coupled to
dendritic spine morphology as exemplified by the consequences of
�N-catenin deletion (24). By regulating synaptic AMPARs in
addition to spine morphogenesis, the cadherin–catenin complex
serves as a molecular device that couples the structure and function
of excitatory synapses. Upon losing �-catenin, the reduction of
functional synaptic AMPARs could bias synapses to form thin and
elongated rather than mushroom-shaped spines. A recent study that
examined a role specifically for N-cadherin in synaptic transmission
using knockout neurons did not find a change in mEPSC amplitude
(22). It is therefore possible that other classical cadherins, whose
activity is compromised by �-catenin deletion, may also play a role
in regulating quantal size. Alternatively, in this previous study,
N-cadherin-null neurons were derived from embryonic stem cells
such that additional compensatory mechanisms may have been
recruited during differentiation and development.

In developing neurons, a major synaptic function for the
cadherin–catenin complex is in synapse assembly. Our work, in
contrast, focused on the regulation of functional glutamatergic
transmission in a more mature neuronal network at 12–16 DIV
(34). The reduction in mEPSC size occurred when �-catenin was
ablated after the initial wave of synaptogenesis, and coexpression of
WT �-catenin fully restored the mEPSC size to control levels. In
addition, postsynaptic ablation of �-catenin did not change the
density of presynaptic markers and spines. Therefore, synaptic
junction per se was maintained despite the loss of strong cadherin-
mediated adhesion, as expected from the redundant functions of
multiple synapse adhesion proteins that promote synapse formation
and maintenance. Although our findings suggest a direct role for
�-catenin in regulating synaptic strength, given that synapses turn
over continually, albeit at a low rate, we cannot exclude a contri-
bution of developmental effects from synapses assembled in the
absence of �-catenin.

We have identified a possible role for the cadherin–catenin
complex in homeostatic scaling of synaptic strength, whose under-
lying molecular mechanisms are not well understood. The cadherin–
catenin complex is present in the perijunctional region that circum-
scribes the postsynaptic density and the active zone (20). Given that
homeostatic plasticity is accompanied by a change in the length of
the active zone (35), the cadherin–catenin complex, by delimiting
the junctional area, is positioned to facilitate the matching of the
postsynaptic changes to the presynaptic changes. This facilitation
could be accomplished, via the transsynaptic homophilic interac-
tion of cadherins, by the intracellular linkage of the cadherin–
catenin complex to the postsynaptic scaffold through the PDZ
interactions of �-catenin, where the postsynaptic density is modu-
lated coordinately with the presynaptic active zone assembly (36).
A potential role for transsynaptic cadherin in regulating the junc-
tional geometry is supported by the observed slowing of mEPSC
time course that accompanies postsynaptic loss of �-catenin. In
addition, a pronounced increase in the number of perforated
synapses has been reported in the brains of mice ablated for
�-catenin in vivo (21).

It has become increasingly clear that PDZ proteins serve as
critical regulators of the trafficking of AMPARs (37). Our findings
identify �-catenin as a further extension that links PDZ protein-
dependent regulation of synaptic AMPARs to a synapse adhesion
complex. A role for the PDZ-binding motif of �-catenin in the
postsynaptic organization mirrors the presynaptic function for
�-catenin in controlling the synaptic vesicle cluster (21), where,
similarly to the postsynaptic side, the linkage of �-catenin to the
presynaptic PDZ proteins, rather than its link to the actin cytoskel-
eton, is important. Among PDZ proteins that bind to the PDZ
domain-binding motif of �-catenin are Velis, which in turn binds to
CASK (38), and S-SCAM, which is also known as MAGI-2 (39).

Fig. 5. Activity-dependent synaptic scaling is impaired upon �-catenin loss.
(A) Cumulative distribution plots of the mean mEPSC amplitudes from un-
transfected control (Upper) or Cre-transfected neurons (Lower) after culturing
with no drug (solid line), TTX (dotted line), or bicuculline (dashed line) for 2
days. (B) Summary of the mean mEPSC amplitudes after chronic activity
manipulations. In control neurons, relative to no drug treatment (n � 16),
mEPSC size was scaled up in TTX (P � 0.01; n � 15) or down in bicuculline (P �
0.01; n � 12). In �-catenin-null neurons, relative to no drug treatment (n � 16),
neither chronic TTX (P � 0.6; n � 16) nor bicuculline (P � 0.1; n � 13) caused
a significant change in the mean mEPSC size.
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Our attempts to determine the contribution of Velis and S-SCAM
in �-catenin-dependent regulation of synaptic AMPARs were
inconclusive, and Par-3, whose binding to �-catenin has been
recently reported (40), or additional as yet to be identified �-
catenin-interacting PDZ proteins could provide a link to the
AMPAR modification. Other non-PDZ interactions of �-catenin
could also play a role. For instance, binding of cadherins and
�-catenin to the LAR–liprin-�–GRIP complex through the N-
terminal domain of �-catenin has been shown to facilitate the
postsynaptic recruitment of AMPARs and the cadherin–�-catenin
complex (41), whereas N-cadherin has also been reported to
associate directly with AMPARs (42). Notably, Wnt signaling
through �-catenin has been demonstrated to modulate AMPARs
in Caenorhabditis elegans synapses (43). Although our experiments
do not exclude the potential contribution of Wnt signaling, it is
unlikely for the following reasons. In the present work, the reduc-
tion of mEPSC size occurred upon overexpressing either the
�ARM mutant, which was shown not to interfere with Wnt
signaling of the endogenous �-catenin (44), or the �PDZ mutant,
which was deleted for the region nonessential for Wnt signaling
(45). Moreover, reduced mEPSC size was also observed when a DN
N-cadherin was overexpressed.

It is of interest to consider the effects of manipulating postsyn-
aptic �-catenin levels on mEPSC amplitude. Whereas a loss of
�-catenin resulted in a decrease in mEPSC amplitude, overexpres-
sion of WT �-catenin or WT N-cadherin did not increase mEPSC
amplitude (cf. Figs. 3C and 4C). In addition, a previous study
reported a lack of change in mEPSC amplitude under conditions
that recruited exogenous �-catenin to dendritic spines (23). Syn-
aptic strength modulation thus appears not to be simply propor-
tional to the level of postsynaptic �-catenin. Rather, these findings
suggest that whereas �-catenin serves to maintain a functional pool
of synaptic AMPARs, on its own, it may be insufficient to expand
the functional capacity of the postsynaptic receptor pool. Compo-
nents of the postsynaptic scaffold that interact with �-catenin and
that become limiting upon overexpressing �-catenin are reasonable
candidates that regulate the upper limit of postsynaptic strength.

In summary, our work demonstrates that the cadherin–�-catenin
complex is not only important for synapse assembly and dendritic
spine formation, but plays a central role in controlling the quantal
AMPA responses. By regulating the abundance of functional
synaptic AMPARs by its PDZ interaction domain and by control-
ling the shape of dendritic spines, the cadherin–�-catenin complex
serves as bifunctional regulator that couples postsynaptic strength
and spine morphology.

Materials and Methods
DNA Constructs. Cre-GFP was a generous gift from Kenji Okuse
(Imperial College, London, U.K.). N-cadherin and Myc-�-catenin
were from Yasuyuki Fujita (MRC Laboratory for Molecular Cell
Biology). �N-catenin was from Masatoshi Takeichi (Kyoto Uni-
versity, Japan) [for details of the plasmid modifications and mutant
constructs, see supporting information (SI) Materials and Methods].

Hippocampal Cultures and Transfection. Primary cultures of hip-
pocampal neurons were prepared from P0–P2 rats or the �-catenin-
floxed mice (28) as described previously (6). Unless otherwise
noted, neurons were transfected at DIV8–10. In some experiments,
cultures were treated with 1 �M TTX or 20 �M bicuculline for 48 h.
For details, see SI Materials and Methods.

Immunocytochemistry and Image Analysis. Immunocytochemical
analysis was performed on DIV14–18 cultures (for details, see SI
Materials and Methods). Fluorescence images were analyzed with
the ImageJ software (National Institutes of Health, Bethesda, MD).
Spine shape analysis was as described (46).

Electrophysiology. Whole-cell patch-clamp recordings were per-
formed from 12 to 16 DIV neurons as described (47). Kinetic
parameters of mEPSC were determined by simultaneously fitting
the individual mEPSC trace with the sum of two exponentials, with
each exponential corresponding to the rise and decay phases.

HEK Cell Dissociation Assay and Immunoprecipitation. Confluent
HEK cells transiently expressing the exogenous N-cadherin con-
structs were treated with 0.01% trypsin with 2 mM Ca2� (TC) or
2 mM EGTA (TE) in Hepes-buffered saline at 37°C for 30 min and
dissociated by trituration. Ca2�-dependent cell adhesive activity was
quantified by calculating the index: 1 � [NTC/NTE.], where NTC and
NTE are the cell particle number after the TC and TE treatment,
respectively. Immunoprecipitations were carried out by incubating
HEK cell lysates with anti-Myc-agarose for 1 h (for details, see SI
Materials and Methods).

Statistics. All data are shown as the mean � SEM. Statistical
significance was determined by the two-tailed Student t test or
one-way ANOVA.
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